Polymer nanotechnology allows manipulating materials microstructure, morphology and compositional variation on the nanometer scale. Thus, it is able to provide materials for many cutting edge applications, from photonics to medical devices to sensors. This article summarizes recent work on template-based fabrication and on the basic properties of one-dimensional polymeric nanostructures and their inherent advantages over their conventional counterparts. The chemistry and physics relevant for the design of these nanostructured materials are discussed and recent advances emphasized. In particular, highlighting the effects of nanoconfinement on material behavior and putting somewhat greater emphasis on molecular motions. Some examples of one-dimensional-based polymeric nanostructures with promising applications for example in the field of tissue engineering are also presented as well as some aspects concerning recyclability of the used templates.
Introduction
One of the most promising aspects of the emergent field of polymer nanostructuration is the ability to generate a variety of different morphologies with structural definition on the nanometric scale. The properties and behaviors of the nanostructured materials depend on both, the nature of its molecular constituents and their precise spatial positioning. In fact, as the structure becomes smaller than a characteristic length scale they may be different from those of the bulk [1e3] . These unique features of nanostructured materials have led to the development of new miniature devices that exhibit unique capabilities not available in larger scale devices. With recent progress in synthesis routes and continuous emerging technologies, it is possible to reproducibly fabricate and study nanostructured polymer systems such as thin films, nanowires, nanotubes, nanoparticles, and nanoporous materials [4e7] . Among them, one-dimensional polymeric nanostructures (1DPN) have traditionally received less attention, probably due to the additional fabrication difficulties ascribed to their anisotropic character.
1DPN have attracted increasing interest from, both, fundamental and applied point of view. They are ideal systems for the study of size-dependent properties [3,8e11] . Moreover, 1DPN are extremely versatile for creating different polymer nanostructures or polymer composite nanostructures which makes them highly attractive for a variety of applications in energy [12] , sensing [13] , actuation [14] , biomedicine [15] , information [16] , adhesion [17] or fluidic technologies [18] .
One can understand 1DPNs as free nanostructures or as building blocks for more complex hierarchical nanostructures in 2 or 3 dimensions. In this way, 1DPN can be classified from the applied point of view into 3 large groups depending on the shape and dimensions of the nanostructure: (i) Free nanofibers or nanotubes (1D) [19] ; (ii) arrays of 1DPN can also build up two-dimensional nanostructures [20, 21] this is the case of free standing polymer nanorods or nanotubes supported on surfaces or embedded into porous templates, and (iii) finally, collapsed 1DPN can also integrate three dimensional porous materials [22] .
Nowadays, it has been recognized three main strategies to prepare one-dimensional polymer nanostructures. The first one is based on the ability of some polymers to self-assemble in different well organized morphologies depending on the composition and preparation conditions [4, 5] . Block copolymers stands out among the rest of materials presenting this capability. The experimental configuration for self-assembly is usually simple and the process takes place under soft conditions, allowing large productions of 1DPNs. Moreover, the self-organization develops in many different forms between the different materials, leading to a huge variety of nanoshapes. However, it presents a significant drawback: the compound the 1DPN is composed of (or its precursor) must have the intrinsic ability for self-organizing. Therefore, the spectrum of materials which can integrate 1DPN is limited.
1DPN can be also obtained by electrospinning [22] . It is a highly suitable technique for the fabrication of high aspect ratio polymer nanofibers. But it presents some difficulties such as: precise control over the fiber diameter and to achieve diameters bellow 100 nm. Furthermore, the nanofiber mat, which is obtained usually, presents a low degree of organization.
Finally, the third strategy for 1DPN fabrication involves the use of materials having cylindrical nanopores as shape-defining molds for polymers. This is commonly known as "Template synthesis" [1,3,19,20,23e26] . It lies in nanomolding the polymer into the pores of a hard porous template used as mold. Among templates, Porous Anodic Aluminum Oxide (AAO) is by far the most used. It provides large versatility with respect to the diameter and length of the pores, it is of relatively low cost and has a long range ordered arrangement of homogeneous pores. These two aspects (dimensional flexibility and ordering) allow the preparation of different types of 1D polymer nanostructures: high aspect ratio free nanowires and nanotubes, ordered arrays of low aspect ratio nanocolumns, etc.
The aim of this work is to present the main lines of investigation and to give an updated comprehensive description of the most important aspects related to the fabrication, characterization, properties and potential application of tailored polymer-based nanofibers and nanotubes, mainly on the basis of our research group developments. Each section presents a complete introduction to the field, where a broad bibliographic compilation of the mere representative publications is presented. We first review in the first section the current progress on the fabrication procedures of tunable 1D polymer and polymer-based composites nanostructures of a great variety of different polymers and composites. That includes polymer nanofibers and nanotubes, ordered arrays of 1DPN, etc. Thus, first, AAO templates and their fabrication procedures will be presented. Then the different infiltration methods of polymers into porous aluminum oxide will be provided, as well as rules for the selection of the infiltration method as a function of the required final 1DPN. Section 3, describes the accurate morphological and chemical characterization of some nanostructured polymers or nanocomposites, including determination of single-wall carbon nanotubes (SWCNT) distribution gradient through a composite nanorod by confocal raman spectroscopy (CRM). In Section 4, we present different studies of properties and behaviors of polymers confined within nanopores. In addition to the fact that polymers often show different or improved properties when are confined into nanocavities, those special behaviors seem to hold out a new perspective to deal with some classical problems in polymer physics, i.e. the early stages of the crystallization, the glass transition problem, and so on. Indeed, the studies presented in this review focus mainly on the physical behavior of nanoconfined polymers. Prof. Martin Steinhart recently published a highly recommendable review on self-organization of polymers within nanopores including a section dedicated to crystallization of thermoplastics [3] . Therefore, we have put special emphasize in molecular dynamics of polymers rather than on other physical phenomena, such us crystallization, although it is a topic that we have also go through. In particular, we describe the influence of polymer nanoconfinement on the chain dynamics of polyethylene oxide (PEO), and on the segmental dynamics of PVDF. In Section 5 , some examples of ordered arrays of 1DPNs with potential applications in the field of magnetic labeling and biomedicine are briefly described. Section 6 summarizes the possibility of reusing the AAO template and thus to become the "template synthesis" approach a high throughput and cost effective fabrication method. In Section 7 some conclusions of the field is presented and, finally, updated references of numerous works on this topic are reported.
Fabrication of one-dimensional polymeric nanomaterials
As mentioned, several strategies have been developed in order to prepare 1D nanostructures. One of the most successful and even industrially promising fabrication methods is the use of templates or "template synthesis" [1,3,19,20,23e26] . This method allows fabricating 1DPN both hollow nanotubes and solid nanorods or nanofibers of relatively low cost and it is highly versatile with respect to the diameter and length of the obtained nanostructures. The method is composed of two steps: the fabrication of the template and the nanomolding of the polymer, which, from a practical point of view, consists basically on the infiltration of the polymer into the nanopores. In Fig. 1 a scheme of the nanomolding process is presented. In this way, this section includes a first part dedicated to AAO templates, and a second part on the infiltration process of polymers into nanopores.
Porous anodic aluminum oxide templates
The formation mechanism of the anodic aluminum oxide (AAO) templates have been extensively investigated by various groups, starting by the pioneering work of Keller et all defining the basic structure consisting of a packed array of columnar hexagonal cells with central, cylindrical, uniformly sized nanopores, honeycomb model [27] , and the experimental work of Konno et al. showing for the first time ordered AAO templates [28] . However, the fabrication of highly ordered AAO templates was first described in the literature by Masuda et al. [29] . The method is based on a two anodization procedure (Fig. 2) . In this context it is worth mentioning the most recent works about the fabrication process by Gösele [30, 31] , Masuda [29, 32, 33] and Metzger [34] groups that have contributed
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to a better understanding and optimization of the AAO formation mechanism. This process consists in a two step electrochemical anodization of ultrapure aluminum foils. The main anodization parameters are: the constant output voltage, the anodization duration, the temperature, and the nature and concentration of the electrolyte. Depending on the appropriate selection and combination of all these parameters values, alumina cavities of different size are obtained in the aluminum foil. In order to fabricate AAO templates [29] , high purity aluminum foils must be first cleaned, degreased and electropolished (Fig. 2a) . Subsequently, a first anodization is performed in an acidic electrolyte under dc voltage (Fig. 2b) . As a consequence of the first anodization, a porous alumina layer is formed. The pores of the formed alumina layer are not ordered at the free surface but are hexagonally distributed at the aluminaealuminum interface (Fig. 2c) . The pores, on their growth sculpt hemispherical concaves on the aluminum, which tend to arrange together with the pores (Fig. 2c) . Then, the first alumina layer is dissolved (Fig. 2d ) and the second anodization is carried out (Fig. 2e) . In this second anodization, the concaves act as nucleation points for the growth of new pores. Therefore the hexagonal arrangement is transferred to the new pores. Thus, a hexagonal close-packed array of closed-endpores is obtained.
A summary of the experimental conditions to obtain alumina templates with different dimensions is given in Table 1 . By selecting the appropriate electrolyte, sulfuric acid (at two different concentrations), oxalic acid or phosphoric acid it is possible to obtain AAO templates with a pore diameter of 20 and 25 nm, 35 and 170 nm, respectively.
Nanopores are formed by a self-assembly process, and parameters of first anodization determine the ordering degree of final pore arrays. The length of nanopores can vary from hundreds of nanometers to hundreds of microns and is controlled simply by the time of the second anodization process. A third step can be carried out in order to widen the pore diameter of the templates by means of a controlled dissolution of pore walls with a phosphoric acid solution. Starting at 20, 25, 35 or 170 nm, pores widen up to 30, 50, 80 or 400 nm, respectively. Fig. 3c shows the achievable pore diameters plotted against lattice parameter.
Self-ordered nanoporous anodic aluminum oxide templates are a versatile material that can be employed for applications in the synthesis of 1DPN with diameters ranging from 20 to 400 nm and lengths up to 300 mm. In contrast to mesoporous materials formed by the self-assembly of surfactants and block copolymers, and materials formed by conventional lithographic processes, AAOs consist of arrays of high aspect ratios nanopores and its area may extend several cm 2 . The fabrication procedure is simple, has a lower cost and in principle is a more rapid technological process compared to other methods. Traditionally, commercial alumina filters (membranes) have been widely used for the fabrication of 1DPN. However, the pore arrangement in these membranes is completely disorganized. Furthermore, the distribution of pore diameters is broad and the lack of uniformity along the pore axis is significant. Fig. 4 shows SEM micrographs of lab-synthesized anodic alumina (4a and 4b) and commercial alumina filters (4c and 4d) for comparison.
Future directions for research in this area are focused on (i) reducing the fabrication time (mild anodization conditions requires at least two days) by changing the electrochemical conditions to enable the rapid fabrication of long range ordered AAOs [35, 36] , (ii) increasing the area of the ordered domains, and (iii) on reducing pore diameters [37e39] and increasing the cost-efficiency of the fabrication process in order to be industrially scalable. [19, 50] , and other groups [21, 51] , is a nanomolding process. As any molding process, it starts first with the infiltration of a polymeric fluid (melt or solution) into a mold with a well-defined shape, the AAO in this case, and then the polymer solidifies within the cavity. If necessary, the molded polymeric material can be removed from the cavity in a third step.
The mechanism of infiltration of polymers into the pores is of paramount importance in order to obtain the desired nanostructures and to control their final morphology. In a recent study, several infiltration methods were explored with the aim to obtain different 1DPNs [3, 19, 48] . As can be observed in Scheme 1 the infiltration methods have been classified in two main groups depending on whether a spontaneous process is responsible of the infiltration or an external force must be applied. Among the former, wetting-based methods are taken into account. Externally assisted infiltration methods have been classified in vacuum-based methods, rotational method and pressure-induced infiltration method (imprint).
Wetting-based methods are based on the wetting properties of liquids onto solids. They have the peculiarity of being spontaneous and depending on the physical state of the polymer before infiltration two methods can be considered, the wetting of the polymer melts and the wetting of polymer solutions. For the former, two possibilities can also be considered on the basis of the process involved in the infiltration of the polymer, infiltration of precursor films and capillary rise [48] . One major advantage of the precursor film method, which was first used by Steinhart for the preparation of polymer nanotubes [20] , is that is substantially faster than the capillarity. Nowadays, wetting-based methods, especially melt wetting approaches, are considered the most feasible and efficient methods to fabricate 1DPNs. Briefly speaking, the polymer melt is a low surface energy liquid that spontaneously tends to wet the pore walls. If the experimental conditions (temperature, molecular weight, etc.) allow the polymer being in a high mobility regime, that is, in a low viscosity regime, the infiltration takes place by means of nanoscopic precursor films. Thus, if the AAO pore radius is larger than the thickness of the precursor film, the films spread and nanotubes are obtained. On the contrary, if the polymer is in low mobility regime, (low temperature, high molecular weight, etc.) precursor films cannot develop and the melt infiltrates into the pores by capillarity and solid 1DPNs are obtained. In addition to the infiltration of polymer melts one can also infiltrate polymer solutions. The infiltration of polymer solutions into nanopores leads to obtaining both solid nanofibers and hollow nanotubes. However, it is not easy to predict which nanostructure forms within the pore due to the big amount of variables of the process: concentration, quality of solvent, evaporation rate, migration of polymer chain from the supernatant solution into the pores, instabilities, etc. [43, 49, 52, 53] .
Externally assisted methods mainly differ from the wettingbased methods in that external forces are responsible of the fluid infiltration. Thus, these methods do not depend on wetting properties of the fluid but they depend on the viscosity. Therefore, they are usually employed with polymer solutions. Additionally, it has to be noted that infiltration methods based on external forces can be important when the fluid cannot spontaneously infiltrate into pores. Table 2 collects examples of nanofibers and nanotubes of various polymers of different chemical nature and the preparation conditions. As can be observed from Table 2 , the template-based fabrication method allows obtaining nanofibers and nanotubes of any diameter and length composed of a variety of polymers, such as, poly(methyl methacrylate) (PMMA), poly(vinyl chloride) (PVC), poly(vinyl alcohol) (PVA), poly(vinylidene fluoride) (PVDF), polystyrene (PS), etc..
From our point of view, when possible, the use of melts instead of solutions is generally recommended to obtain both nanofibers and nanotubes (in both wetting regimes: capillary rise and precursor wetting infiltration). Spontaneous melt infiltrations are usually more reproducible and solvent related problems such as evaporation time, incomplete evaporation, lack of material in nanotubes or nanofibers, etc., are avoided. However, it is also true that the set of parameters that can be adjusted in solution wetting infiltration is higher than in melt wetting (concentration, quality of the solvent, etc.), and this fact could lead to adjust a higher number of characteristic parameters in the nanostructures, such as, wall thickness or periodic modulations in nanotubes. This suggestion is also applicable when composites are needed [19, 54, 55] .
Additionally, one can also obtain spherical nanoparticles using AAO templates by several procedures: (i) controlled evaporation of polymer solutions within pores [56] , (ii) by promoting instabilities of infiltrated solutions and subsequent swelling of the formed nanoblocks [57] , (iii) or by means of dewetting of curved polymer films in contact to a non-solvent liquid [58] .
The results clearly show that this procedure provides a convenient route to prepare a great variety of a nanostructured polymers such as nanofibers, nanotubes, nanospheres, and nanocomposites charged with a great variety of nanoparticles depending mainly on the method selected to perform the infiltration, temperature and pore diameter of the template. For a more detailed description of the different approaches for the fabrication of 1DPN, see reference [19] .
The third step of the "template-based fabrication" approach could be the removal of the polymeric nanostructure from the AAO Table 2 Some of the prepared 1DPNs together with their preparation conditions. Nomenclature of 1DPN morphologies is NT for nanotubes, NF for nanofibers, and NC for nanocolumns. template whenever free polymeric nanostructures are desired. It is not an obligatory step since the polymeric nanostructures must be within nanopores for the studies of polymer properties under confinement. On the contrary, free nanostructures are needed for most of the applications. For that, two different procedures have been developed: i) since aluminum oxide can react as either an acid or base, to remove the template material selectively, it can easily be dissolved in aqueous NaOH, KOH, or an acid such as H 3 PO 4 . This made it possible to liberate organic nanostructures that are acid or base insensitive without sacrificing the end product. The residual part is cleaned by distilled water repeatedly to remove the remnant inorganic substances adhered to the 1DPN structures and subsequently dried. However this method may represent a potential drawback for the up-scaling of template-based approaches to the fabrication of 1DPNs because of the destruction of the AAO template but allows obtaining very high aspect ratio free 1DPNs. ii) The second method is based on a non-destructive mechanical release of arrays of polymer microfibers from porous templates which may leave the templates intact and enables their recycling [59, 63] . This method requires a previous treatment of AAO pores, such as functionalization of the inner surface, in order to minimize the adhesion between 1DPN and AAO template during the lift-off process. It would allow slow removal of the AAO template liberating the polymer nanorods. Nevertheless, this method presents some limitations which are caused mainly by occurrence of lateral forces and due to the properties of the infiltrated polymer. On one side, lateral forces are responsible of an irregular lift-off of the polymer during the detachment from the template surface leading to deformed/elongated 1DPNs. On the other side 1DPNs consisting of ductile polymers, as they can deform non-destructively, are better released from the AAO templates than 1DPNs of stiff materials that tend to form necks and undergo brittle or ductile fracture. Consequently, this method is best suited for release 1DPNs made of ductile polymers and with aspect ratios of 10:1 or lower.
Morphological and chemical characterization of 1DPN
This section is focused on the accurate morphological and chemical characterization of nanostructured polymers or composites. One of the most used characterization techniques is scanning electronic microscopy that provides very valuable information about the morphology of 1DPNs. However, for polymer nanocomposites little is known about the chemical composition distribution along the 1DPN. Confocal Raman spectroscopy has been successfully used to study the modification gradient of chemically surface modified polymer films [60] and as it is shown below it can be of great utility in characterize 1DPN SWCNT-nanocomposites. Other techniques used to chemically characterize polymer nanotubes and nanowires are also discussed.
Morphological characterization
As previously mentioned, the use of porous alumina and the infiltration methods allow obtaining 1DPN with diameters ranging from 20 to 400 nm and lengths from 100 nm to 300 mm. Some examples of polymer nanotubes and nanofibers are illustrated in Fig. 5aee and Fig. 6aef , respectively. These micrographs evidence that the morphology has been completely transferred from the pores to the polymeric material. It must be noted that all nanostructures shown in this section were prepared according to the infiltration conditions collected in Table 1 . Fig. 5a and b correspond to PS nanotubes with embedded magnetic La x Sr (1Àx) MnO 3 nanoparticles, which were obtained by infiltration of melt precursor films. The same method was used for the preparation of PEO and PVDF nanotubes (5c and 5d, respectively). On the other hand, PS nanotubes were also obtained by solution wetting infiltration (5e). The dimensions of these nanostructures are: 360e400 nm in outer diameter, 50e100 mm in length and the thickness of tube wall is of tens of nm (i.e., 35 nm for the PVDF tubes and 70 nm for PS-based nanotubes prepared from the melt).
In On the other hand, Fig. 7 shows some fabricated low aspect ratio solid nanorods. An array of ordered PVA nanocolumns (180 nm) loaded with CoFe 2 O 4 nanoparticles, obtained by vacuum-based infiltration is shown in Fig. 7a. Fig. 7b displays an imprinted ordered array of PDLLA nanocolumns (180 nm) and finally, the PVC nanorods presented in Fig. 7c were prepared by rotational infiltration and have outer diameters of 160 nm.
Following a similar approach it is also feasible to fabricate polymer nanospheres. A pair of examples of that is shown in Fig. 8 . Fig. 8a presents a SEM micrograph of PS nanoparticles with 200e350 nm in diameter obtained by a controlled evaporation of a PS solution in THF while PS nanoparticles prepared by dewetting of PS nanotubes are shown in Fig. 8b [58] .
Chemical characterization
If a homopolymer is infiltrated in the nanocavity of AAO templates the corresponding nanotube or nanofiber obtained, in principle, will be homogeneously distributed along the length. But if a polymer/nanoparticle composite of determined X/Y composition is infiltrated a gradient of composition X/Y along the nanotube or nanofiber length can be obtained. This effect can be due to the different interaction with the walls and/or viscosity of both components. One way to determine if this effect is produced is by analyzing the gradient of composition along the length of nanotube or nanofiber with the aid of CRM. CRM has proven to be an extremely flexible and powerful analytical technique with the set of unique advantages such as, great spatial resolution, outstanding chemical differentiation, and to achieve qualitative and quantitative information about the composition of materials generating depth profiles with a spatial distribution resolution 2e5 mm as a function of the selected experimental conditions. Mijangos and co-workers have chemically characterized the distribution of SWCNT within PVDF nanorods using this technique [54] . Fig. 9a shows the scheme and Fig. 9b shows an optical image of the cross section of an ensemble of PVDF-SWCNT nanorods within an AAO template. Fig. 9c displays the series of spectra of PVDF-SWCNT infiltrated in AAO templates as a function of depth. It can be seen that the raman spectrum of PVDF nanorods displays all the PVDF characteristic bands that can be observed up to depths of about 45 mm which corresponds to the AAO membrane thickness estimated from SEM. At depths !45 mm the signal from PVDF vanishes when approaching the end of the AAO membrane. This result clearly confirms that the pores are completely filled with PVDF. Now turning the attention to the PVDF-SWCNT nanorods, the comparison of the spectra shows that in addition to the bands arising from the PVDF structure that do not change as a function of depth, there are some intense bands at 1375 cm À1 and 1575 cm À1 , corresponding to the G and D bands of SWCNT. The intensity of these bands change on penetrating the interior of the material suggesting higher concentration of SWCNT within the first 25 mm. Indeed at depths !25 mm the intensity of these peaks is still considerable suggesting that SWCNT are present all along the PVDF nanorods.
It is worth mentioning a recent work where 1DPNs with compositional gradients were fabricated by means of face-to-face wetting with polymeric solutions and melts [64] . Chemical characterization of these nanostructures was carried out using EDXA (energy-dispersive X-ray analysis) measurements and fluorescence microscopy. However, on the contrary to Raman spectroscopy, to successfully obtain the compositional gradients as a function of 1DPN length each repeat unit should contain some specific atoms, considered as atomic labels, which have very different X-ray response. It allows analyzing differences in composition by spatially resolved EDXA. For fluorescence microscopy, it is necessary to chemically modify the pristine polymer by bonding some chromophore to the polymer backbone or use fluorescent polymers shortening the range of applications. These nanostructures with a compositional gradient along their length could potentially vary the electronic, optical, mechanical, and chemical properties accordingly, which is required for a broad range of potential applications.
Physical behavior of polymers confined into onedimensional nanostructures
The microscopic behavior of materials determine their macroscopic properties and, in consequence, their potential applications. Most of macroscopic properties and behaviors of polymers have their origin in physical microscopic processes with length scales of the order of nanometers (molecular motions, nucleation of crystallites, etc.). Therefore, the fact of confining a polymeric material into a nanoscale cavity introduces a new variable to the set of variables determining the properties of the material. Two of the [19] . The inset in 3d shows a detailed view of a PS nanotube and the scale bar corresponds to 1 mm. most relevant physical phenomena in relation to the final properties are crystallization and molecular dynamics. Moreover, some processes involved on both of them have length scales sensitive to nanoconfinement.
Crystallization under confinement
Crystallization of polymers under nanoconfinement is becoming increasingly interesting as a new approach to address classical problems in polymer crystallization, such us the early stages of the transformation or the crystal growth by means of formation of mesophases since both processes seem to be size-dependent [65e68]. Moreover, the design of 1DPN with customized properties requires crystal engineering in two-dimensional confinement. Mechanical, optical, ferroelectric or electronic behavior of polymers is known to be closely related to crystal characteristics, that is, degree of crystallinity, crystal phase, crystal size and orientation, etc [68] . Polymers generally crystallize in lamellar crystals in which folded chains orient approximately perpendicular to lamellar surfaces [69] . The typical crystal thickness is in the order of nanometers while the lateral dimensions are in the order of microns. Thus, the growth of polymer crystals, which takes place mainly in two dimensions, is highly altered when the material is confined in a one-dimensional cavity.
Both theoretical [70] and experimental investigations have been reported on one-dimensional crystallization of polymers. The studies performed on cylinder forming block copolymers [71e74], electrospun nanofibers [75, 76] and semicrystalline polymers infiltrated into nanoporous hard templates are worth mentioning [77e86]. Among these one-dimensional systems, polymers confined in inorganic nanoporous hard templates, like self-ordered porous alumina (AAO) of the present work, have attracted particular interest in the recent years. Besides its high flexibility on the imposed degree of confinement, the mechanical rigidity of the hard walls in AAO templates forces the polymer crystallites to grow within the pore volume, while in the case of block copolymers crystallization often dominates over microphase separation so that their nanoscopic domain structure does not efficiently confine the crystallizing component. Moreover, in contrast to block copolymers, the crystallizing polymer chain has two free chain-ends during crystallization. An interesting advantage of AAO for crystallization studies is also the fact that AAO templates are stable in the temperature range within soft mater crystallizes. Hence, the application of well-defined temperature profiles allows crystallizing polymers either isothermally or nonisothermally.
Up to now, despite the fact that only a limited number of investigations related to crystallization of polymers within AAO pores have been published, several common features can be observed: i) the c-axis of the polymer crystal lattice, which is generally perpendicular to the plane of lamellar crystals, tend to orient perpendicularly to the pore long axis [8, 77, 79, 80, 84, 86] as can be clearly observed in Fig. 10a. Fig. 10a shows the WAXS diffractogram of PEO nanofibers (20 nm in diameter). The spectrum is taken to nanofibers located into the AAO matrix and in such a way that the wave vector, Q, is parallel to the long axis of the nanofiber. The diffractogram shows a single diffraction peak that corresponds to the (120) plane of the monoclinic cell of PEO. This plane is parallel to the extended chain direction in the crystal, which means that the crystal grows in a direction perpendicular to the extended chains. This crystal orientation enables the growth of lamellae along the pores. ii) Crystallinity and perfection of crystals seem to be rather lower than in bulk polymers [80] . iii) Concerning crystal nucleation mechanism, the small amount of papers published on this matter, do not allow generalizing, but it looks like a transition occurs from a typical heterogeneous nucleation to a homogeneous nucleation of crystals when the confining cavity downs bellow the typical volume for the presence of impurities. However, it is also possible that as confinement increases (or pore diameter decreases), heterogeneous nucleation becomes dominant again, in terms of surface nucleation processes [8, 79, 80, 82, 83, 87] . shows the transition from a heterogeneous crystal nucleation in bulk iPP to a homogeneous nucleation as long as the diameter of the confining pore decreases [87] .
We must note that a highly recommendable review of crystallization of thermoplastics within alumina nanopores was recently published by Prof. Steinhart [3] . The intention of our paper is, somehow, to cover different aspects of one-dimensional nanostructures from those of Steinhart's review, in such a way that both reviews could be complementary.
Effect of confinement on polymer dynamics
The effects of nanoconfinement on dynamical behavior of polymers are often a matter of controversy. Pure confinement effects as a consequence of the hindering of a molecular motion due to an insufficient space are often masked by surface interaction effects, which are also related to low dimensionality but are not a direct consequence of a confined molecular motion. Moreover, in most of nanomaterials with a certain interest for applications, the polymer is close to a surface which effectively confines it. In this kind of materials surfaces are usually attractive, so interactions take place. From a fundamental point of view, the distinction between surface effects and pure confinement effects could be interesting. However, it is not so important from the point of view of the final properties of the nanomaterial. For this reason, we will not distinguish both types of effects.
Although size effects have been observed in local dynamical processes like methyl group rotation [88] or b processes [89] , they are more evident at largest scales, such as, in segmental dynamics (a relaxation) or in chain dynamics (Rouse, reptation or diffusion). Typical consequences of nanoconfinement on segmental relaxation are i) broadening of relaxation time distribution function, ii) acceleration/deceleration of dynamics and iii) a different dependence of the relaxation time on the temperature [90, 91] . At chain scale, effects on chain conformation, topology, density, etc. could take place, especially when entanglements are active. However, few experiments have been performed on this respect [2, 78, 92] . Most of theoretical works propose a reduction of the chain mobility independently on the surface nature but differ on the consequences of nanoconfinement on the density of entanglements [93e96]. Up to the moment, only few studies of polymer dynamics confined in alumina nanopores have been reported and, in most of the cases, the porous matrices are commercial alumina filters. These membranes are characterized by highly irregular pores of 200 nm in nominal diameter which often collapse and present a completely disordered pore distribution [97, 98] . In this sense, Ok et al., have recently reported a nuclear magnetic resonance study in which both self-ordered and commercial alumina membranes were used [99] . Interestingly, together with the observation of a 3 nm polybutadiene layer with reduced dynamics, they found effects coming from the large pore diameter distribution of commercial membranes. On the other hand, Shin, Russell and co-workers concluded on a reduced viscosity that would follow from a decreasing entanglement density due to lateral chain compression when confined PS within pores of 15 and 30 nm in diameter [2] . Duran et al. studied the segmental dynamics of poly(g-bencil-Lglutamate) synthesized into ordered alumina templates with pore diameters from 25 to 400 nm [100] . They found a lower dependence of the relaxation time on the temperature for lower diameter samples.
Segmental dynamics of PVDF nanorods
The properties of many polymeric materials are influenced by their internal structure, which often is induced by molecular selfassembly processes. Some examples of this kind of processes are crystallization, microphase separation of block copolymers, blends or liquid crystal, etc. Most of molecular or supramolecular selforganizations have length scales in the range of nm or tens of nm. Therefore, they can be sensitive to nanoscale confinement. Moreover, the molecular motions of a certain material, which have a determinant influence on material properties, also depend on its internal structure. For instance, the internal structure of a polymeric material affects to the a relaxation. This fact implies that the confinement-dynamics relationship in semicrystalline materials increases in complexity because nanoconfinement effects on structure must be also taken into account in addition to surface effects and to the hindering of the molecular motion due to the insufficient space. Moreover, this is an important point because many of the most used polymers for nanotechnology are semicrystalline: polyolefins, polyamides, conducting polymers, etc. Thus, the study of the dynamics of confined semicrystalline polymers is crucial for the development of nanotechnological interesting polymers.
Recently our group has studied the segmental dynamics by means of dielectric spectroscopy of semicrystalline PVDF confined within alumina templates of cylindrical nanopores of 20, 35 and 65 nm in diameter [61] . The dielectric response of confined and bulk PVDF is shown in Fig. 11a .
As known, the dielectric response of bulk PVDF is characterized by two main relaxation processes, a and a c relaxations, in order of decreasing frequencies or increasing temperature. The a process is related to the cooperative segmental motions appearing in the supercooled liquid, whereas the a c relaxation is attributed to molecular motions in the crystal [101] . When bulk PVDF dielectric response is compared to PVDF embedded within the nanopores a strong deviation of the relaxation behavior is observed.
The most prominent feature in the dielectric spectrum of PVDF confined in 20 nm is a process appearing at low frequencies indicating a much slower dynamics than that of the bulk a relaxation in a similar temperature range. This relaxation is called interfacial relaxation as proposed in the literature [61] . This highly constrained relaxation is associated to the polymer-alumina interfacial layer and shows a nearly Arrhenius-type dependence on temperature, which suggest the lost of cooperativity of the motion. On the other hand, the a relaxation in the confined samples with large pore diameter (35 and 60 nm) also presents some differences when compared to that of the bulk samples. Its dependency with temperature is different, being faster at low temperature (Fig. 11b) (this phenomena has been observed in other confined systems), although the fact of this polymer being crystalline adds some new effect. The presence of crystals produces an increase of the a relaxation time and a broadening of the relaxation time distribution function, so it appears reasonable that the a relaxation of the confined systems is faster due to the lower degree of crystallinity of confined PVDF.
As known PVDF is a semicrystalline polymer. The characteristic long period of the PVDF lamella is 12 nm, the lamellar thickness is around 4 nm, and the interlamellar amorphous layers is 7 nm, as reveled by SAXS [102] . Taking into account all the above considerations, for PVDF in intermediate pore sizes, the alpha relaxation can be assigned to occur in the interlamellar amorphous regions having similar behavior to that of bulk. However, for the extreme case of the 20 nm size pore, the space in the pore is not enough to accommodate more than one flat on lamellar crystal. So, relaxation measurements in this case would be compatible with the existence of a polymer amorphous layer in contact with the pore wall where the mobility is significantly reduced as compared to that of the bulk (interfacial relaxation). Therefore, it is reasonable to assume that the lamellar crystal will tend to be located towards the center of the pore where the mobility is expected to be higher. The proposed model is shown in Fig. 12. 
Chain dynamics of PEO nanorods
Chain dynamics can be generally described in terms of Rouse and Reptation models. In the Rouse model the chain motion is determined by the balance of entropic and viscous forces as chain relaxation modes (Rouse modes), which are governed by a single relaxation time (the Rouse time). Moreover, high molecular weight polymers mutually interpenetrate restricting their motions at large time scales. These topological interactions (entanglements) are characterized by their distances along the chain, lN e (with l the monomer distance and N e the number of monomers between entanglements). In the Reptation model, the effect of entanglements is described as a tube of diameter d w l ffiffiffiffiffiffi N e p along the chain profile, which restrict the chain dynamics.
Thus, we studied the dynamics of PEO chains confined in anodic aluminum oxide hard templates with pore diameters of 20 and 35 nm and lengths of 150 mm by different neutron scattering techniques in the time window from ps to hundreds of ns. Neutron scattering stand out as method to study the chain dynamics because it allows microscopic information of low energetic motions both to structural and time levels [103] .
Our first analysis was carried out by quasielastic neutron scattering (QENS) techniques in the momentum transfer (Q) range 0.06 Q 1.9 Å À1 [9] . The used polymer was a commercial PEO (Polymer Source, Inc.) with a weigh averaged molecular weight () of 43000 g mol À1 ( M u =M n ¼ 1:05). It was found that the dynamics of the confined polymer is indistinguishable from that in the bulk in the Q-range approx.
, Fig. 13 . The incoherent scattering function is well described by the Rouse theory showing no indication of confined segmental dynamics. Accordingly, the monomeric friction coefficient calculated on the basis of the Rouse theory agrees well with previous results obtained on the bulk polymer. At the high Qlimit, around Q ¼ 1.4 Å À1 (where motions perpendicular and parallel to the pore axis were proven), an anisotropic slowing down of the dynamics is observed under confinement, this effect being more pronounced in the direction perpendicular to the pore axis. The observed slowing down of the molecular displacements perpendicular to the pore axis affects about w10% of the segments. This effect could be attributed to the interactions between the pore walls and polymer segments within a w1 nm layer. These results were rationalized by assuming that the interactions with the pore walls affect one to two adjacent monomer monolayers. In this work we also estimated a minimum possible value of the tube diameter of w1.5 nm from results in the time-of-flight and backscattering window. However, QENS does not allow information on the dynamics affected by entanglements. As mentioned, several papers had reported on variations of entanglement density due to nanoconfinement, which could influence the dynamics as well. Therefore, we used Neutron Spin Echo spectroscopy (NSE), which enable spatial and time information on slow dynamical processes [10] . Two different samples were studied: PEO0.4 where the chain dimensions were significantly lower than the pore diameter and PEO2.4, where PEO chains were much larger than lateral dimensions of pores. For a more detailed description of analyzed samples, see [10] .
Fig. 14 presents obtained NSE results. Despite the difficulties involved in these experiments, the quality of the data obtained is highly remarkable ethe error bars are reasonably narrow and results corresponding to different used neutron wavelengths very nicely overlap. The constant plateaus at long times that can be observed in Fig. 14c (dotted lines) reflect a certain confinement on the dynamics of polymer chains. This kind of behavior is also present in the entangled bulk samples [104] , and is generally ascribed to dynamic confinement imposed by the topological interactions with the surrounding chains. The bulk results can be well described by the reptation model [103, 105] , where the lateral confinement is modeled by a tube of diameter d following the chain profile. The tube diameter d can be obtained from the level of the plateau.
The data show a clear slowing down compared to the bulk behavior at intermediate time scales, while at short times (t < 1 ns) the dynamics equals that of the bulk (see Fig. 14a and b) . This observation is fully consistent with the results of previous study on the local dynamics of this sample, where quasielastic neutron spectra with resolution of the order of ns did not reveal essential deviations from the bulk segmental dynamics at length scales smaller than 1.5 nm [9] .
On the other hand, Fig. 14c shows the dynamic structure factor of hardly confined PEO and bulk PEO for Q ¼ 0.1 Å
À1
. Confined dynamic structure factor decays to significantly lower values (solid blue line in Fig. 14c) , indicating a less restricted dynamics (larger effective tube diameter reflecting a less dense entanglement network). A value of effective tube diameter d conf 60.3 Å for such strongly confined system has been obtained, which represents an increase of about 15% in the tube diameter compared to bulk PEO (Fig. 14d) . Thus, our results provide the microscopic proof that in the presence of confinement the lateral tube size marginally increases. These experiments suggest a higher impact of confinement on the longer-wavelength Rouse modes than on the local scale. One possible explanation for the observed reduction of the intermediate scale dynamics could be some adsorption effect on the surface of the pore walls. In a first approximation the adsorption effect was modeled by a Rouse chain with pinned segments, such that on Scheme of the proposed model for layers with different mobility. During infiltration from the melt, an adsorbed layer (I) in contact with the walls is formed (a). Upon cooling, and depending on the pore size, one may find two situations: (b) in large diameter pores, i.e. 60 nm, there is volume enough to accommodate more than a parallel lamella (III). Therefore, there is an amorphous interlamellar region, which relaxes similar to that of the bulk. Moreover, the amorphous region adsorbed to pore wall relaxes in a particular way, as compared to the bulk. On the contrary, the 20 nm pores have volume to accommodate a single lamella oriented flat on to pore walls (III), the amorphous phase is mainly included in the adsorbed layer (I), and therefore, the main relaxation in this sample is the highly constrained one.
average the surface layer is covered [9] . With that the local dynamics is very little changed as observed experimentally, while the longer-wavelength Rouse modes are affected. The question arises whether this behavior can be generalized to the rest of polymers or not.
Some examples of materials with potential applications
In general it is well known that nanostructured and ordered polymer nanostructures may have many new potential applications in many different technological areas. They include magnetic sensors, tissue engineering and drug delivery systems, data storage, and so on [12e17] . In this section, we will review some of proposed applicable materials namely one-dimensional magnetic polymer nanocomposites and ordered arrays of biodegradable nanorods for tissue engineering and drug delivery applications.
One-dimensional magnetic polymer nanocomposites
The search for novel materials with optimized or just new properties is at the core of advanced materials research. An appropriate method of approach is to form composite materials combining properties of individual systems. Especially attractive are polymerbased nanocomposites with embedded nanoparticles. These materials combine the intrinsic properties of polymeric materials, such us, processability, mechanical, optical, electrical or biocompatibility, with the especial properties of the inorganic nanofiller.
As mentioned, the properties of the nanocomposites are owing to both components; however, when the nanoparticles are sufficiently small their morphology is solely determined by the morphology of the polymeric component. This fact opens the possibility to prepare nanostructured polymer-based composites, even nanometer-sized hybrid composites, by means of the typical approaches of polymeric nanostructure fabrication, which are often more simple and cost effective than the typical nanostructuration methods of inorganic materials, i.e. replicating porous alumina templates. Moreover, the fact that the polymer component governs the formation of the nanostructure allows obtaining nanostructures with a large range of properties just varying the type of nanoparticle. Templates fabrication with AAO templates entails the tailored preparation of one-dimensional polymeric nanocomposites ranging from 20 to 400 nm in diameter and lengths from few hundreds of nanometers up to several hundreds of microns.
With the aim of exploring the possibilities of preparing 1D-magnetic polymer nanocomposites, we recently prepared an ordered array of nanorods composed of poly (vinyl alcohol) [55] using AAO templates followed by some of the replication methods presented in this work [19] , see Fig. 15a , c and e. These replication methods are very effective, and allow the nanomolding of any polymerenanoparticle 1D composite. The magnetic hysteresis cycles of prepared samples are also shown in Fig. 15b, d and f.
The proposed method of synthesis shows a good versatility to obtain ordered and well-defined magnetopolymeric nanostructures with tailored geometric nanostructures and opens new opportunities of technological applications. This procedure presents advantage in cost effectiveness or versatility for the fabrication of different types of nanostructures and provides a convenient route to isolate the magnetic particles in the nanostructure.
Tissue engineering scaffolds
It is well known that structural features of extracellular matrices govern the growth of biological systems because cells are able to recognize the topology of the substrate, even at the nanoscale. However, the way in which these structural features influence cell growth is not well understood yet. Thus, a promising approach in this sense could be to use patterns with well-defined elements. These kinds of substrates have been previously prepared by lithographic approaches. However, this methodology presents a number of important challenges difficult to overcome such as: they are usually non cost effective and do not allow to pattern large extensions. Moreover, it is difficult to nanostructure many biodegradable polymers by beam lithographies due to degradation. The template approach combines the advantages of top-down lithography (well-defined topography) and self-assembly (low costs, high throughput, feature size in the 100 nm range).
In this sense, Steinhart, San Roman and Mijangos teams produced poly-DL-lactide (PDLLA) rod arrays to be used as biodegradable extracellular matrices (ECMs) [15] by means of templating AAO with a pore diameter of 180 nm, a pore depth of 600 nm or 1 mm, and a lattice constant of 500 nm, as well as macroporous silicon with pores of 1 mm in diameter and 10 mm in depth arranged in a square lattice with a lattice constant of 2 mm. The PDLLA rod arrays obtained by non-destructive mechanical extraction from nanoporous self-ordered AAO and macroporous silicon [59, 63] serving as recyclable shape-defining hard templates had areas up to 9 cm 2 , thus reaching the size of real life adhesive bandages. We showed that, depending on the array design, the fibroblast recognize the rod arrays either as surface providing rods as cues sensed by filopodia (Fig. 16a) or as a quasi-three dimensional scaffold (Fig. 16b) . However, in spite of all advances in this field is still challenging to fabricate artificial ECMs consisting of biodegradable materials based on nanorod arrays with well-defined and customized geometries for biomedical applications including, for example, wound healing and tissue repair.
Recyclability
Usually, fabrication of polymer nanofibers or nanotubes from AAO templates involves wet-chemical etching in which the AAO was destroyed. In order to expand the use of nanostructured polymers and composites it is mandatory to improve and scale-up the fabrication process from laboratory to an industrial level. Considerable effort has been devoted to the development of fabrication methods that can produce nanostructured polymers with fine control of size (nanostructure length and diameter), shape, composition, concentration, and chemistry. However the recovering of the AAO templates, its fabrication is one of the most time consuming steps in the production of polymer nanostructures, has received less attention. Two approaches are amenable to the recycling of AAO templates: mechanical extraction of polymer nanotubes or nanowires and high temperature treatments to remove the polymer from the AAO template. Typically, the mechanical extraction have been used for low aspect ratio 1DPN arrays, such as nanopillar arrays, and often requires a pre-treatment of the AAO template to facilitate the extraction. Mechanical extractions have been carried out both by ripping the polymer nanostructure off with tweezers [15, 62] and by means of a linear motion device [63] . Thus, these rapid mechanical extraction methods could be more suitable from an industrial point of view, whereas high temperature treatments are also useful from a laboratory point of view.
Remarkably, Grimm and co-workers developed a nondestructive mechanical extraction method of arrays of polymer nanofibers from AAO [59, 63] . Basically, the pristine AAO pore walls are fuctionalized with highly fluorinated silanes, to facilitate polymer extraction by reducing the surface energy of pore walls. Then the polymer is infiltrated by means of any of the external force assisted methods discussed in Section 2. Finally, the array of polymer nanofibers is mechanically extracted from the AAO template. Moreover, this method may circumvent condensation of the nanofibers since they are not exposed to liquids at any stage which may limit the usability of the arrays thus obtained. This method is highly recommended specially for bio-applications because it does not use corrosive etching solutions in compliance with environmental and safety guidelines. When the objective is simply the removal of the infiltrated polymer in order to reuse a certain template, a thermal treatment can be applied in such a way that the polymeric material can be completely degraded and eliminated [106] (Fig. 17a) . On the base of our research, it has been concluded that only a small window of temperatures allows the complete removal in a reasonable time. For instance, the complete elimination of PEO from an AAO with 35 nm in diameter pores only takes place after 3 h treatment at 450 C as can be observed in Fig. 17b. 
Conclusions
Nanostructuration methods offer the advantage of manipulating materials microstructure, morphology and compositional variation on the nanometer scale. During the last few years there has been an increasing interest into the design of multicomponent structures at the nanoscale for miniature devices. In this article we have reviewed several aspects of 1DPN obtained by means of templating self-ordered anodic aluminum oxide templates, from their tailored fabrication to their uses as extracellular matrices or the phenomenological studies of confined polymers.
The experimental results reported in this paper allow us to conclude the following: dynamics have been studied on polymers confined into the nanopores of AAO templates observing important variations with respect to the bulk material. These effects come mainly from interfacial interactions with hydroxilated pore wall. The most noticeable surface effects have been found in the a relaxation of PVDF and in the chain dynamics of PEO. In both cases, a significant slowing down of the dynamics was observed.
In the case of PVDF, the highly restricted relaxation measured was associated to the dynamics of segments in contact to the attractive pore walls. This relaxation was dominant in pores of 20 nm in diameter and presents an Arrhenius-type temperature dependence. When PEO chain dynamics was studied by means of neutron spin echo spectroscopy, a slowing down of the dynamics at intermediate time scales is observed. Moreover, a 15% expansion of the entanglement network was determined.
(iv) The fabrication approach employed in this work is also highly appropriate for the preparation of different types of magnetic nanostructures based on polymer materials, such us, composite nanotubes, nanorods or nanocolumns, which could enable new and fascinating applications going from flexible magnetic encoding to drug transport and delivery.
The high number of filopodia developed and the presence of large amount of actin in the fibroblast deposited on an ordered array of PDLLA nanocolumns, suggest the possibility of using this kind of nanostructured surfaces as extracellular synthetic matrices for tissue engineering.
(v) Finally, AAO templates can be reused and thus turn the "template synthesis" approach a high throughput and cost effective fabrication method by means of any of the presented template recovering methodologies, i.e. mechanical removal of a polymer nanorod array from the AAO and thermal decomposition of the polymeric material inside the AAO template.
